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Summary

An experimental and analytical investigation was

initiated to determine the effects of span reduction on

the flutter characteristics of several arrow-wing su-

personic transport (SST) configurations. The model
was a semispan wing with a 3-percent biconvex air-

foil. The wing leading-cdge sweep was 73 ° for the

inboard 70 percent of the span and 60 ° for the out-

board 30 percent of the span. Two flow-through

nacelles were used to represent wing-mounted en-

gines. A wing fin with a 3-percent biconvex airfoil

was mounted either vertically or canted outboard at

45 °. Portions of the wingtip were removed in incre-

ments parallel to the root chord to provide reductions

in wing span of 10, 20, and 30 percent.

Experimental flutter results were obtained in the

Langley Transonic Dynamics Tunnel (TDT) over

a Mach number range from 0.60 to 1.20 with a

heavy gas (R-12) as the test medium. All test con-

figurations had a similar flutter behavior and no
unusual flutter mechanisms were encountered. Flut-

ter points in the low transonic region were domi-

nated by the wing first-torsion mode and involved

considerable midwing, leading-edge deflections. The

high transonic flutter points were dominated by the

wing first-bending mode and were characterized by

large wingtip deflections. Reducing the wingspan in-
creased the flutter dynamic pressure boundaries for

all configurations tested. The largest increases in the

flutter dynamic pressure boundaries were observed

for the configurations with nacelles. Although re-

ducing the span had little effect on the flutter-speed

index boundaries for the wing only and wing with

fin configurations, an increase was observed for the

configurations with nacelles, particularly in the high

transonic region.

Analytical flutter results are compared with ex-

perimental flutter results over a Mach number range

from 0.60 to 0.95 for the wing only and the wing
with nacelles configurations. Analytical results were

calculated for each reduction in span with unsteady

aerodynamic subsonic kernel function theory. In gen-

eral, the analytical flutter boundaries showed the

same trends as the experimental flutter boundaries,

although the analysis was consistently more conser-

vative in the low transonic region than in the high

transonic region.

Introduction

Long-range international air travel has increased

significantly in recent years and is projected to con-
tinue to increase well into the 21st century (ref. 1).

This increase in long-range air travel along with ad-

vances in flight technologies, such as aircraft struc-

tures, materials, propulsion, and electronics, has re-

sulted in a renewed interest in supersonic cruise air-

craft. The High Speed Civil Transport (HSCT)

and the National Aero-Space Plane (NASP) are
two examples of current supersonic cruise research

programs.

During the Supersonic Transport (SST) Program

of the 1960's and the subsequent research programs of

the 1970's and early 1980's, a number of major tech-

nical problems were identified (ref. 2). Among these
were documented flutter deficiencies in strength-

designed supersonic cruise aircraft. Because these

aircraft were generally large and flexible structures,

additional stiffness was necessary to satisfy flutter

clearance requirements. This usually results in an

increase in structural weight or a redesign of critical

structural components (refs. 3 through 8). Addi-

tional weight degrades aircraft performance and in-

creases costs. A control system synthesis and evalu-

ation performed on an arrow-wing supersonic cruise

configuration indicated that the implementation of

a flutter suppression system could also increase the

flutter speed without degrading aircraft reliability

and performance (ref. 9). Additionally, an active

flutter suppression control system has been demon-
strated successfully in a wind-tunnel test conducted

on a simplified version of a supersonic transport wing

(ref. 10). Such a system, however, has not been
tested on a full-scale transport aircraft.

In the 1960's NASA developed an SST configu-

ration during its Supersonic Cruise Air Transport

(SCAT) Studies which offered aerodynamic perfor-

mance well above other previous designs (refs. 2

and 11). An arrow-wing planform was chosen for this

design (SCAT-15F) because of its compromise be-
tween subsonic (moderately swept outboard portion

of the wing) and supersonic (highly swept inboard

portion of the wing) performance. In fact, many cur-

rent HSCT concepts being developed by major air-
frame manufacturers employ arrow-wing planforms

(ref. 1). However, as with other supersonic cruise

transport designs, flutter is an important design
consideration in the development of an arrow-wing

configuration. Some earlier studies of full span mod-

els (refs. 4, 12, and 13) and of more simple small-
scale, semispan arrow wings (refs. 14, 15, and 16)

are presented in the literature. These studies, which

included the addition of engine nacelles mounted on

the wing lower surface and/or a fin mounted on the

wing upper surface, showed that arrow-wing HSCT

configurations could have difficulty meeting flutter-

speed requirements in the transonic region.



The presentstudy wasundertakento investi-
gate the extent that reducingthe span of the
outboardlowersweptregionof thewingwouldaf-
fectthe flutter characteristicsof severalarrow-wing
configurationsandto increasethe availableflutter
databasefor arrow-wingdesigns.Resultsfroman-
alyticaland experimentalstudiesexploringthe ef-
fectof spanvariationon the flutter characteristics
of highlysweptwing configurationsarepresented
in references3 and 17,respectively.The semispan
arrow-wingmodelusedin this studywasbasedona
LangleyAdvancedSupersonicTechnology(AST-200)
seriesdesign(ref. 18). This arrow-wingdesignwas
arefinementof anearlierSupersonicCruiseAircraft
Research(SCAR)transportconceptdesignedfor a
cruiseMachnumberof 2.7(ref.3). Theexperimen-
tal transonicflutter boundariespresentedin thispa-
perwereobtained from wind-tunnel tests conducted
with the model at an angle of attack of 0 °.

A flutter analysis was performed with a subsonic
kernel function flutter prediction program. The pur-

pose of the analysis was to evaluate the program's

ability to predict arrow-wing flutter phenomenon and

to provide a better understanding of arrow-wing flut-

ter characteristics. The results of this analysis are

compared with the flutter results from the wind-
tunnel test.

Symbols

AR

b

e.g.

f

f:

::/:2

f2

H

:xx

Irr

Izz

Ixx,e

panel aspect ratio

reference length, mean aerodynamic

semichord, ft

center of gravity

frequency, Hz

analytical (calculated) natural fre-

quency, Hz

flutter frequency, Hz

flutter frequency ratio

measured natural frequency, Hz

reference frequency, Hz

total pressure, psf

roll inertia about wing c.g., slug-ft 2

pitch inertia about wing c.g., slug-ft 2

yaw inertia about wing e.g., slug-ft 2

roll inertia about engine nacelle c.g.,

slug-ft 2

IYY, e pitch inertia about engine nacelle c.g.,

slug-ft 2

IZZ, e yaw inertia about engine nacelle e.g.,

slug-ff 2

Ixx,I roll inertia about fin e.g., slug-ff 2

Iyy, f pitch inertia about fin c.g., slug-ft 2

Izz,f yaw inertia about fin e.g., slug-ff 2

M Mach number

mo total wing mass (minus mass of two

mounting tabs), slugs

q dynamic pressure, psf

Re Reynolds number per foot

S planform area, in 2

Vr reference volume (conical frustum

surrounding wing model), ft 3

VI flutter velocity, ft/sec

v:
VI flutter-speed index, w2b(Izl/2)

x streainwise coordinate (positive

downstream), in.

y spanwise coordinate (positive out-

board), in.

z vertical coordinate (positive up), in.

# mass ratio, mo/pV.r

p density, slugs/ft 3

w2 = 2_rf2 , rad/sec

Test Apparatus

Wind Tunnel

The test was conducted in the Langley Transonic

Dynamics Tunnel (TDT). (See ref. 19.) The TDT is

a continuous-flow, single-return, slotted-throat wind

tunnel. The test section is 16 ft by i6 ft square

with cropped corners. The tunnel is equipped to

operate with air or a heavy gas (R-12) as the test

medium. R-12 was used exclusively in the present

study. Tunnel speed and stagnation pressure are

independently controllable from Mach numbers of
near 0 to 1.2 at pressures ranging from near 0 to

1 atmosphere. The TDT operating envelope, with

R-12 as the test medium, is shown in figure 1. Also,

the TDT is equipped with quick-opening bypass
valves which can be activated to rapidly reduce test-

section Mach number and dynamic pressure when

flutter occurs to minimize the risk of model damage.



Thesecapabilitiesmakethe TDT ideallysuitedfor
flutter testing.

Model and Components

The genericsemispancantileveredarrow-wing
modelusedin this studywasdesignedto represent
a 1/20th-scaleAST-200seriesarrow-wingSST.A
photographof the model mounted in the TDT is

presented in figure 2. The planform shape and di-

mensions of the wing are presented in figure 3. The

original span wing weighed nearly 40 lb and with the
addition of both nacelles and a wing fin as much as

54.5 lb. The wing was 7.6 ft long with an initial

span of approximately 3 ft. The leading-edge sweep

was 73 ° for the inboard 70 percent of the wing and
60 ° for the remaining 30 percent of the span. The

lower swept wingtip region was eliminated by remov-

ing sections parallel to the root chord in increments

of 10 percent of the original span.

A photograph of the wing alone is presented as

figure 4. The wing consisted of a 0.25-in-thick alu-

minum alloy (7075-T651) plate to which balsa wood
was bonded. Cutouts were made to the aluminum

plate to obtain a representative stiffness and mass

distribution of a typical aircraft wing having a rib

and spar construction. The plate thickness and num-

ber of cutouts were also chosen to provide the correct
stiffness needed for the models to flutter within the

TDT operating boundary. A detailed drawing of the

cutout patterns with typical dimensions and a pho-

tograph of the wing-plate structure are presented as

figures 5 and 6, respectively. The balsa wood was

contoured to form a 3-percent-thick biconvex airfoil

section and was bonded with the grain perpendicular

to the plate to minimize its effect on wing stiffness.
The two mounting tabs located at the wing root were

clamped between a steel block and a steel beam fix-

ture. The wing was constrained at only two points

along the root to more closely represent a flexible

fuselage, typical of an HSCT design. The steel beam
fixture was mounted to the tunnel side-wall turntable

and covered with a fiberglass fairing to provide more

realistic wing root aerodynamics. An angle-of-attack
accelerometer located on the turntable was used to

ensure that the model was at an angle of attack
of 0%

The arrow-wing model was tested with and with-

out two flow-through nacelles for each reduction in

span. The two nacelles were mounted on the lower

surface to simulate wing-mounted engines. Each was

constructed of contoured aluminum tubes weighted

with lead rings to more realistically represent the in-

ertia of typical engine nacelles. The nacelle geometry,

mass, and inertia properties are presented in figure 7.

In addition, both the original and span-reduced

wing only and wing with nacelles configurations were
tested with a vertical or 45 ° outboard canted fin

mounted on the upper surface of the wing at 68 per-

cent of the span. It was constructed from a solid

0.125-in-thick aluminum plate to which balsa wood

was bonded and contoured to form a 3-percent bi-

convex airfoil shape. The fin geometry, mass, and

inertia properties are presented in figure 8. All con-

figurations were tested at an angle of attack of 0° and

at Mach numbers ranging from 0.60 to 1.20. A ta-

ble and graphical representation of the configurations

tested are presented in figure 9.

Model Instrumentation

Model instrumentation included six strain-gauge

bridges and two wingtip-mounted accelerometers.

Their locations are shown in figure 10. The strain-

gauge bridges were oriented to measure bending and

torsion moments at the two mounting tabs and the
tip crank area. The accelerometers were used to mea-

sure dynamic response near the wingtip. Instrumen-

tation output was monitored on strip charts and a

frequency analyzer to assure safe margins for both

static and dynamic loads and to aid in determining

the onset of flutter during testing.

Model Vibration Modes

Measured Vibration Modes

The first five natural vibration frequencies were

measured for almost all wing configurations while
the model was mounted in the TDT. These mea-

sured natural frequencies for each configuration are

listed in table I. Hand raps at the midwing lead-

ing edge and wingtip were used to excite the model

and the corresponding time history signals from the

two wing-mounted accelerometers were input to a
frequency analyzer to obtain model frequency spec-

trums. For the wing only configuration, each reduc-

tion in span raised the frequencies of the first two

modes. However, for the wing with nacelles configu-

ration, the frequency of the first mode increased con-

siderably less with each reduction in span, whereas

the frequency of the second mode remained nearly
constant. Also, the addition of the two nacelles intro-
duced an additional vibration mode which is referred

to as the "nacelle pitch mode."

Node line locations corresponding to each mea-
sured natural vibration mode were determined for

both the wing only (fig. 11) and the wing with na-

celles (fig. 12) configurations. An electromagnetic

shaker was attached to the wing near the inboard

trailing edge to excite each natural vibration mode.
A stationary reference accelerometer was attached to



thewingnearthetip to obtainthemaximumvibra-
tionamplitudes.A rovingaccelerometerwasusedto
surveythevibrationamplitudesacrosstheentireup-
persurfaceof themodel.Theoutputsof thetwoac-
celerometersweresentthroughphase-matcheddual
trackingfiltersand displayedon a two-channelos-
cilloscope.A Lissajousfiguregeneratedby the two
signalswasmonitoredto detectphaseshiftsasthe
rovingaccelerometerpassedacrosseachnodeline. It
wasfoundthat the additionof the fin, verticalor
canted,had little effecton nodeline locationsand
thereforethenodelinesfor theseconfigurationsare
not presentedin thisreport.

Analytical Vibration Modes

A finite elementmodelwascreatedof thewing
only and the wing with nacellesconfigurationsfor
eachreductionin spanand a dynamicstructural
analysisperformedwith the MacNeal-Schwendler
Corporation(MSC)NASTRANfiniteelementpro-
gram(ref. 20). Overall,the calculatedresultscor-
relatedwell with the measuredresults. Analyti-
cal modelsfor the wing consistedof 670 (original
span)to 580 (30percentspanreduction)quadri-
lateral (CQUAD4)and triangular(CTRIA3)plate
elements.Theseelementswerechosento modelboth
the aluminumwing-plateand the 3-percentbicon-
vex balsawoodairfoil becausethey provideboth
membraneand bendingstiffness.A layoutof the
NASTRAN finite elementmodel is shown in
figure13. Elementsrepresentingbalsawoodwere
superimposedon theelementsrepresentingthealu-
minumplate.Dueto variationsin thematerialprop-
ertiesof balsawood,it wasnecessaryto adjustthe
densityandstiffnessof theseelementsto obtainan
analyticalmodelmorerepresentativeof the physi-
calmodel.Thedensityof theelementsrepresenting
balsawoodwasadjustedsothatthemassofthefinite
elementmodelwasthe sameasthat of the experi-
mentalmodel. Thestiffnessof theseelementswas
thenvarieduntil the natural frequencyof the sec-
ondmode(referencemode)wasthesameasfor the
experimentalmodel.Theanalyticaltotal massand
inertial propertiesof the wingcorrelatedwellwith
themeasuredvaluesasshownin thefollowingtable:

Measured Analytical

Wing ma_s, slugs . . . 1.242 1.246

c.g.,(x, y), in ..... (63.1,9.8) (62.1,9.3)

IXX, slug-ft 2 .... 0.6441

Iyy, slug-ft 2 .... 4.914 4.726

IZZ, slug- ft 2 .... 5.423 5.370

Analytical frequencies and node line locations for the

wing only configuration are compared with measured
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frequencies and node lines for each reduction in span

in table I(a) and figure 11.

The nacelles were modeled separately with

CQUAD4 elements and attached to the wing finite

element model. The layout of finite elements repre-

senting the nacelles is also presented in figure 13.
Analytical frequencies and node line locations for

the wing with nacelles configuration are compared

to measured frequencies and node lines in table I(b)
and in figure 12.

The wing fin was also modeled separately using

both CQUAD4 and CTRIA3 plate elements (fig. 13).

Because the mass of the balsa wood was negligible,
only elements representing the aluminum plate were

used. Analysis including the fin was only performed
on the original span configurations. The addition

of the fin had little effect on the analytical or mea-

sured natural frequencies. Analytical frequencies for

original span configurations with a vertical fin are
compared with measured frequencies in table I.

The finite element analysis provided mode shapes

and generalized masses which were used as inputs to
the flutter analysis. The analytical mode shapes for

the wing only and wing with nacelles configurations

are presented in figure 14.

Flutter Analysis

The Flutter Analysis System (FAST) computer
program described in reference 21 was used to solve

for flutter solutions. The flutter analysis was per-

formed to provide a better understanding of the

model flutter mechanisms and to evaluate the pro-

gram's use in predicting arrow-wing flutter phe-
nomenon at Mach numbers between 0.60 and 0.95.

The program uses a surface spline to interpolate the
displacements and slopes at the downwash colloca-

tion points from the calculated mode shapes (ref. 22).

The number of collocation points was successively
increased from 36 to 144 where it was determined

that using more than 100 collocation points had lit-

tle effect on the calculated flutter results. Figure 15
show's the Gaussian distribution of the 100 colloca-

tion points used in the flutter analysis. Next, the
generalized unsteady aerodynamic forces are com-

puted at each collocation point with subsonic ker-

nel function theory (ref. 23). Flutter speeds are then

calculated at various densities for a particular Mach

number by an incremental damping approach (V-G
method). From these calculations, a matched point

solution is found which gives the correct density and

flutter frequency for a given flutter velocity. Because

this program uses subsonic kernel function theory
to calculate the generalized aerodynamic forces, its



useshouldbe limited to caseswhereonly subsonic
flow exists. The goodcorrelationobtainedabove
M = 0.90 between analytical and experimental data

could be attributed to the wing's thin airfoil and high

reduced frequencies (bw2/V / > 0.4) encountered for
this model.

Flutter analyses were performed for the wing only

and the wing with nacelles configurations with FAST

for each reduction in span. Because this method

considers the wing to be a thin flat plate (no airfoil

shape), the aerodynamic effects of the airfoil shape

and nacelles were not included in the analysis. Input

to the flutter analysis included the wing planform

geometry, calculated mode shapes, calculated gener-
alized masses, and the measured natural frequencies.

Measured frequencies were used in the flutter analysis

because they were considered to be more representa-
tive of the experimental model. Both analytical and

experimental flutter results indicated that the first

two vibration modes (first bending and first torsion)
were the primary modes coupling to produce flutter.

The first four vibration modes for the wing only con-

figuration and first five vibration modes for the wing

with nacelles configuration were used in the flutter

analysis. It was determined that the use of addi-

tional modes had a negligible effect on the calculated
flutter solutions. A typical structural damping value

of 0.01 was used in the analyses for each vibration

mode. Match-point flutter solutions were calculated

for Maeh numbers of 0.60, 0.70, 0.80, 0.90, and 0.95.

Flutter analyses were not conducted on any configu-

rations which included a wing fin. Results obtained
from wind-tunnel tests conducted on a similar model

showed that the addition of a wing-mounted vertical

fin had little effect on flutter results (ref. 24). The
addition of a fin also had little effect on the natural

frequencies (experimental or analytical) of the origi-

nal span wing and the wing with nacelles.

Wind-Tunnel Test Procedure

The flutter boundaries were approached conser-

vatively and "peak hold" subcritical response data

(ref. 10) were evaluated at various Mach number in-

crements. The peak hold method involved analyzing

frequency response data from the wing-mounted ae-

celerometers and recording peak amplitudes for each
dominant vibration frequency. Flutter projections

were made based on plotted data of the inverse of

the peak amplitudes versus tunnel dynamic pressure.

The inverse amplitude should approach zero as the

flutter condition is neared. It should be noted, how-

ever, that this was used only as a guideline in pre-

dicting the onset of flutter during testing. All flutter

boundaries presented in this report consist of flut-

ter points defined both visually and by monitoring

dynamic response on a strip chart recorder. When

flutter occurred, it was usually necessary to activate

the tunnel bypass valves which would rapidly reduce
the test-section dynamic pressure to a safe level be-

fore destructive wing deflections were encountered.

The tunnel operating procedure used to obtain

the flutter boundaries presented in this paper is

shown in figure 16. Generally, the first tunnel pass for

a new configuration was intended to be free of flutter.

Starting at a low stagnation pressure (100-200 psf),
the tunnel Mach number and dynamic pressure were

gradually increased by increasing the tunnel motor

speed. The tunnel speed was increased until either
a flutter condition was reached or a maximum test-

section Mach number of 1.1-1.2 was obtained (see

path 1, fig. 16). If no flutter was encountered, the
test-section Mach number was reduced to a safe level

and then held constant while the tunnel stagnation

pressure was increased by 50-100 psf. Stagnation

pressure was increased by bleeding additional R-12

into the tunnel circuit. Again, the tunnel speed was

gradually increased (see path 2, fig. 16). This pro-

cedure was repeated until the minimum flutter dy-

namic pressure was established. The same procedure
was also used to define the remainder of the flutter

boundary (see paths 3-5, fig. 16). Occasionally, flut-
ter points were obtained at Mach numbers beyond

the minimum flutter dynamic pressure. This was ac-
complished by first reducing the tunnel stagnation

pressure to a value that would allow an increase in

Maeh number beyond the minimum flutter dynamic

pressure. Mach number was then held constant and
additional R-12 was bled into the tunnel circuit to

gradually increase dynamic pressure until flutter oc-
curred (see path 6, fig. 16).

Results and Discussion

The experimental and analytical flutter data are

presented in tables II and III, respectively. These

data tables include Mach number M, dynamic pres-

sure q, frequency f/, velocity V/, density p, refer-
ence length b, mass ratio #, flutter-speed index V/,
Reynolds number Re, model mass too, reference fre-

quency f2, and frequency ratio f//f2 for each flutter
point obtained throughout the test. The reference
volume of the test medium Vr ranged from 37.01 ft 3

for the original span wing to 36.02 ft 3 for the wing

configurations with a 30-percent reduction in span.

Flutter-speed index is a nondimensional velocity pa-

rameter frequently used to correlate flutter results
obtained for different models. Its value, which is

proportional to the square root of dynamic pressure,



dependson the flowconditions,structuralstiffness,
andplanformgeometry.

Experimentalflutterresultsarepresentedasflut-
ter dynamicpressure,frequencyratio, massratio,
andflutter-speedindexversusMachnumberin fig-
ures17 through27. Analyticalflutter resultsare
compared with experimental results (q vs M) in

figures 18 and 20. These flutter boundaries repre-

sent neutral flutter stability. All test configurations
had a similar flutter behavior and no unusual flutter

mechanisms were encountered. However, the dom-
inant vibration mode in the flutter mechanism var-

ied between the low transonic region (M _ 0.70)
and the high transonic region (M _ 1.00). Flutter

points in the low transonic region were dominated

by the wing first-torsion mode and involved consid-

erable midwing leading-edge deflections. The higher

transonic flutter points were dominated by the wing

first-bending mode and were characterized by large
wingtip deflections. This was even more pronounced

in the configurations with nacelles.

Wing Only Configuration

Experimental results showing the effects of re-

ducing the span by 10, 20, and 30 percent on the

wing only configuration are presented in figure 17.

These results are presented for a Mach number range

from 0.73 to 1.01. The dynamic pressure flutter
boundary was raised with each successive reduction

in span. The greatest increases were obscrved in the

high transonic region. Similar increases in the flut-

ter frequency ratio due to span reduction also were

observed in the high transonic region. No signifi-

cant changes were observed in the mass ratio or the

flutter-speed index with each reduction in span.

The subsonic kernel function results for the wing

only configuration are presented along with exper-

imental results in figure 18. The analytical flut-
ter dynamic pressure boundaries correlated reason-

ably well with the experimental flutter boundaries,
although the analytical boundaries are conservative

(10-25 percent) in tile low transonic region. How-

ever, for the configuration with 30 percent span re-

duction, the analysis was slightly nonconservative

(_10 percent) in the high transonic region. The cal-

culated values for flutter-speed index, frequency ra-

tio, and mass ratio given in table III correlated well

with the experimental flutter results throughout the

transonic region.

with nacelles configuration are presented in figure 19.
These results are presented for a Mach number rangc

of 0.67 to 1.13. Both the flutter dynamic pressure
and flutter-speed index boundaries were raised with

each reduction in span. Reducing the span by 30 per-

cent raised the flutter dynamic pressure boundary

50 percent in the lower transonic region and 130 per-

cent in the higher transonic region. The flutter fre-

quency ratio remained nearly constant in the low

transonic region but increased in the high transonic

region as the span was reduced. The mass ratio, un-
like the flutter frequency ratio, decreased substan-

tially in the high transonic region for the larger re-

ductions in span. This may indicate that the high

transonic portion of the boundary was influenced

more by mass ratio than the lower transonic portion
of the flutter boundary. The same trends that were

observed in the flutter dynamic pressure boundaries

were observed in the flutter-speed index boundaries

with the largest increases due to span reduction oc-
curring near Mach 1.

The subsonic kernel function results for the wing

with nacelles configuration are presented along with

experimental flutter results in figure 20. The same
trends that were observed in the experimental flutter

dynamic pressure boundaries were observed in the

analytical flutter boundaries. Namely, the bound-
ary for analytical flutter dynamic pressure was raised

with each reduction in span with the largest increases
occurring at M = 0.95. The calculated values for

flutter-speed index, frequency ratio, and mass ratio

listed in table III correlated well with the experimen-
tal flutter results throughout the transonic region.

Wing With Nacelles Configuration

Experimental results showing the effects of reduc-

ing the span by 10, 20, and 30 percent on the wing

Wing Only Versus Wing With Nacelles

Configuration

Experimental results showing the effects of reduc-

ing the span by 30 percent on the wing only and the

wing with nacelles configurations are presented in fig-
ure 21. The plot of dynamic pressure versus Mach

number clearly shows that reducing the span had a

stabilizing effect on both the wing only and the wing
with nacelles configurations. The wing with nacelles

configuration, however, was far more sensitive to the

reductions in span, particularly in the transonic re-

gion. Although the addition of engine nacelles was

destabilizing for the original span arrow wing, their

addition acted to stabilize the wing once the moder-

ately swept portion of the wing was completely elim-
inated. The flutter frequency ratio increased as ex-

pected with a 30-percent reduction in span for the

wing only and the wing with nacelles configurations.

Also, the flutter frequency ratio for the wing with na-
celles configuration was consistently lower than the

6



correspondingwingonlyconfiguration,particularly
in the hightransonicregion.Themassratiovalues
decreasedwith a30-percentreductionin span.This
wasmostobviousin thetransonicregionforthewing
with nacellesconfiguration.Reducingthe spanby
30percenthadlittle effectontheflutter-speedindex
boundaryfor thewingonlyconfigurationalthoughit
wasincreasedsignificantlyfor thewingwith nacelles
configuration.

Wing.With Fin Configurations

Experimental results showing the effects of re-

ducing the span on the wing with fin (vertical and

45 ° canted) configurations are presented in figures 22
and 23, respectively. These results are presented for a

Mach number range of 0.70 to 1.14. For all fin config-

urations the plotted results have been limited to dy-

namic pressure and flutter-speed index parameters.

Reducing the span raised the flutter dynamic pres-

sure boundary for both the vertical and 45 ° canted

fin configurations, particularly in the high transonic

region. However, a slightly greater increase was seen
with a 20-percent reduction in span than with a

30-percent reduction below M --- 0.98 for the ver-

tical fin configuration and below M = 0.93 for thc

45 ° canted fin configuration. The flutter-speed in-

dex values decreased slightly for both fin configura-

tions in the low transonic region with each reduction
in span. Little change in flutter-speed index due to

span reduction was observed near Mach 1.

Wing Only Versus Wing With Fin

Configurations

Experimental results for the wing only and the

wing with fin configurations are presented in figure 24
for the original span and 30 percent span reduction.
The addition of a vertical or 45 ° canted fin had little

effect on the flutter dynamic pressure boundary for

the original span wing. Their addition was only

slightly destabilizing for the wing with 30 percent
span reduction. Similar effects were observed for the

flutter-speed index boundary.

Wing With Nacelles and Fin

Configurations

Experimental results showing the effects of reduc-

ing the span on the wing with nacelles and fin (ver-

tical and 45 ° canted) configurations are presented in

figures 25 and 26. These results are presented for a

Mach number range of 0.67 to 1.13. Reducing the

span raised the flutter dynamic pressure boundary
significantly for both the vertical and 45 ° canted fin

configurations. The largest increases in the flutter

boundary occurred with the 20- and 30-percent re-
ductions in span. The flutter-speed index also in-

creased with the 20- and 30-percent reductions in

span for both fin configurations. However, a slightly

greater increase was seen with a 20-percent reduc-
tion in span than with a 30-percent reduction above

M = 0.95 for the 45 ° canted fin configuration.

Wing With Nacelles Versus Wing With

Nacelles and Fin Configurations

Experimental results for the wing with nacelles

and wing with nacelles and fin configurations are

presented in figure 27 for the original span and wing

with 30 percent reduced span. The addition of either

a vertical or 45 ° canted fin had no significant effect

on the flutter characteristics of the original span

wing with nacelles. However, their addition had

a significant effect on the flutter characteristics of

the wing with 30 percent reduced span and nacelles.
The addition of a vertical fin lowered the flutter

dynamic pressure boundary in the high transonic

region by 10 percent, whereas the 45 ° canted fin
lowered the entire flutter dynamic pressure boundary

20 to 30 percent. Similar trends in flutter-speed

index were also observed for the wing with 30 percent

reduced span.

Summary of Results

The present study was undertaken to investigate

span reduction effects on the flutter characteristics

of several arrow-wing configurations. This sensitivity

study was developed to better understand the flutter

mechanisms of arrow-wing configurations and to in-

crease the available flutter data base for arrow-wing

designs. The model was tested with and without

two engine nacelles and/or a vertical or 45 ° outboard
canted fin. The experimental flutter results were ob-

tained for Mach numbers ranging from 0.60 to 1.20.

In addition to the wind-tunnel test, flutter analy-

ses were performed to evaluate the ability to predict

arrow-wing flutter phenomenon and to provide a bet-

ter understanding of arrow-wing flutter. Both exper-

imental and analytical flutter results are summarized
as follows:

1. All test configurations had a similar flutter be-
havior and no unusual flutter mechanisms were en-

countered. The vibration mode dominant in the flut-

ter mechanism varied between the lower transonic

and the higher transonic regions. Flutter points

in the low transonic region were dominated by the

wing first-torsion mode and involved considerable

midwing, leading-edge deflections. The high tran-
sonic flutter points were dominated by the wing

7



first-bending mode and were characterized by large

wingtip deflections. This was even more evident in

the configurations with nacelles.

2. The flutter dynamic pressure boundary was

raised with each reduction in span for the wing only

configuration. The largest increases were observed in

the high transonic region for each reduction in span.

Flutter-speed index values remained nearly constant

with each reduction in span.

3. Both the flutter dynamic pressure and the

flutter-speed index boundaries were raised with each

reduction in span for the wing with nacelles config-

uration. The largest increases were observed in the

high transonic region for both the 20- and 30-percent

reductions in span.

4. The wing with nacelles configuration was far
more sensitive to reductions in span than thc wing

only configuration, particularly in the high transonic

region. This indicates that although the addition of

engine nacelles was destabilizing for the original span

arrow wing, their addition acted to stabilize the wing
once the lower swept outboard region of the wing was
climinated.

5. For all fin configurations (vertical or 45 °

canted), reducing the span raised the flutter dynamic

pressure boundaries. The flutter-speed index bound-

aries for the wing with fin configurations decreased

slightly, whereas the wing with nacelles and fin con-

figurations generally increased for each reduction in

span.

6. The addition of a vertical or 45 ° canted fin to

the wing only or wing with nacelles configurations

had little effect on the flutter dynamic pressure and

flutter-speed index boundaries for either of the orig-

inal span configurations. The addition of a vertical

fin to the 30-percent span-reduced wing with nacelles

configuration lowered the flutter dynamic pressure

boundary in the high transonic region only. How-
ever, the addition of the 45 ° canted fin lowered the

entire flutter dynamic pressure boundary.

7.. Overall, the analytical flutter boundaries ob-

tained for the wing only and the wing with nacelles

configurations showed the same trends as the experi-

mental flutter boundaries. However, the analysis was

consistently more conservative relative to the experi-

mental results in the low transonic region than in the
high transonic region.

NASA Langley Research Center
Hampton, VA 23665-5225
March 5, 1991
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Table I. Measured and Analytical Natural Frequencies

(a) Model configurations without nacelles

Span

reduction,

percent

Mode 1 Mode 2 Mode 3 Mode 4

fro, fa,
Hz Hz Hz Hz

Wing only

fro, fa,
Hz Hz

Mode 5

fro, fa,
Hz Hz

0

10

20

30

6.15
7.3

9.05

10.9

6.3

7.5

9.3
ll.5

15.2

15.6

16.1

16.5

15.2 23.5 22.4

15.6 26.2 24.8

16.2 28.7 27.6

16.5 30.2 29.4

Wing with vertical fin

35.0

39.0

46.2

53.3

34.2

38.4

46.1

52.1

49.0
49.8

51.4

54.5

48.8

49.7

51.9
55.4

0

10

20

30

5.8

8.1

9.4

5.9 15.0

16.0

16.2

15.1 23.1

27.7

28.0

22.2

Wing with 45 ° canted fin

33.6

43.9

46.0

33.4 47.3

50.2

50.7

45.7

0

10

2O

3O

5.7

7.9

9.2

15.0

15.9

16.0

23.7

27.3

27.7

34.5

42.8
43.0

48.1

50.4

51.7

(b) Model configurations with nacelles

Span

reduction,

percent

Mode 1

fro, fa,
Hz Hz

0 5.0
l0 5.2

20 6.1

30 6.6

5.1

5.6

6.1

6.6

0 4.8

10 5.2
20 5.7

3O 6.2

4.9

0 4.8

10 5.2

20 5.7

30 6.1

/viode 2 Mode 3 Mode 4 Mode 5

fro, fa, fro, fa, fro, fa, fro, fa,
Hz Hz Hz Hz Hz Hz Hz Hz

Wing with nacelles

14.1 14.2 17.2 16.5

14.1 14.2 20.1 19.2
14.2 14.3 21.6 20.3

14.3 14.4 22.0 20.8

Wing with nacelles and vertical fin

22.0

23.2

26.1

27.9

20.8
22.0

24.9

26.8

35.5

39.5

42.0
42.6

32.3

35.6

39.2

40.0

14.0 14.1 17.2 16.5 22.0

14.1 19.5 23.0

14.2 21.4 24.8

14.2 21.7 25.8

Wing with nacelles and 45 ° canted fin

20.6 35.4

38.5

42.2

42.0

32.3

13.9

14.1

14.1
14.2

17.1

19.4

21.2

22.1

21.9

23.0

24.7

25.5

35.7

38.5

41.8

42.5
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TableII. ExperimentalFlutterResults

(a) Wingonlyconfigurations

q, f :, y:, p, b, too, /2,
M psf Hz fps slugs/ft 3 ft p v/-fi VI Re slugs Hz fill2

Wing only, original span

0.75 188.0 11.4 376.0 0.00266 2.352 11.91 3.45 0.485 3.86 × l06 1.173 15.20 0.75

0.867 182.7 10.86 430.7 0.00197 2.352 16.09 4.01 0.478 3.29 1.173 15.20 0.71

0.965 162.0 9.88 477.7 0.00142 2.352 22.32 4.72 0.450 2.64 1.173 15.20 0.65
0.996 155.2 9.75 490.5 0.00129 2.352 24.57 4.96 0.441 2.47 1.173 15.20 0.64

Wing only, 10 percent span reduction

0.76 192.0 11.3 381.4 0.00264 2.404 ] 11.79 3.43 0.470 3.87 × 106 1.146 15.65 0.72

0.913 183.0 10.9 454.7 0.00177 2.404 I 17.59 4.19 0.459 3.12 1.146 15.65 0.701.01 170.0 10.4 500.0 0.00136 2.404 22.89 4.78 0.442 2.64 1.146 15.65 0.66

Wing only, 20 percent span reduction

0.73 209.0 12.7 366.0 0.00312 2.470 9.76 3.12 0.469 4.40 × 106 1.111 16.10 0.79

0.84 203.0 12.28 417.4 0.00233 2.470 13.07 3.62 0.462 3.78 1.111 16.10 0.76

0.93 197.0 11.84 461.5 0.00185 2.470 16.46 4.06 0.455 3.33 1.111 16.10 0.74
1.00 197.4 11.64 493.7 0.00162 2.470 18.79 4.33 0.456 3.13 1.111 16.10 0.72

Wing only, 30 percent span reduction

0.74 224.0 13.0 370.7 0.00326 2.551 9.14 3.02 0.462 4.66 × 106 1.074 16.55 0.79
0.81 222.0 13.0 404.0 0.00272 2.551 10.96 3.31 0.460 4.26 1.074 16.55 0.79

0.93 211.0 12.5 461.7 0.00198 2.551 15.05 3.88 0.449 3.56 1.074 16.55 0.76
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TableII. Continued

(b) Wingwith nacellesconfigurations

q, ff,

M psf Hz

0.67 181.3 10.1 336.1
0.75 178.0 9.7 375.1

0.87 166.3 9.0 432.3

0.94 144.3 8.2 467.6

0.97 122.7 7.6 481.2
0.976 115.0 7.3 484.5

0.98 104.2 7.0 483.9

1.01 119.1 7.5 498.1

0.98 118
0.98 114

0.99 119

try, p, b, too, ]'2,

fps slugs/ff 3 ff p v/-fi VI Re slugs Hz ff/f2

Wing with nacelles, original span

0.00321 2.352 13.99 3.74 0.431 4.16 x 106 1.662 14.1 0.72
0.00253 2.352 17.75 4.21 0.427 3.66 1.662 14.1 0.69

0.00178 2.352 25.23 5.02 0.413 2.98 1.662 14.1 0.64

0.00132 2.352 34.02 5.83 0.385 2.40 1.662 14.1 0.58

0.00106 2.352 42.36 6.51 0.355 1.99 1.662 14.1 0.54
0.00098 2.352 45.82 6.77 0.343 1.85 1.662 14.1 0.52

0.00089 2.352 50.46 7.10 0.327 1.68 1.662 14.1 0.50

0.00096 2.352 46.78 6.84 0.350 1.86 1.662 14.1 0.53

Wing with nacelles 10 percent span reduction

0.74 196 10.0 372.8 0.00282 2.404 15.75 3.97
0.89 181.6 9.1 443.1 0.00185 2.404 24.01 4.90

0.96 143 8.0 476.4 0.00126 2.404 35.25 5.94

7.3 488.2 0.00099 2.404 44.87 6.70

7.3 487.3 0.00096 2.404 46.77 6.84

7.4 492.8 0.00098 2.404 45.32 6.73

0.441

0.425
0.377

0.342

0.335

0.344

4.03 x 106

3.17

2.32
1.88

1.83

1.88

377.2
437.5

477.3

478.4

510.8

512.1

520.6

O.75 222 10.1
0.884 222 9.5

0.97 191.4 8.6

0.977 178.5 8.1

1.03 167 8.0
1.046 160 8.0

1.05 164 8.1

1.635 14.1 0.71
1.635 14.1 0.65

1.635 14.1 0.57

1.635 14.1 0.52
1.635 14.1 0.52

1.635 14.1 0.52

Wing with nacelles, 20 percent span reduction

0.00312 2.470 14.04 3.75 0.457 4.54 x 106 1.599 14.2 0.71
0.00232 2.470 18.89 4.35 0.457 3.97 1.599 14.2 0.67

0.00168 2.470 26.08 5.11 0.424 3.16

0.00156 2.470 28.09 5.30 0.410 2.96
0.00128 2.470 34.23 5.85 0.396 2.53

0.00122 2.470 35.92 5.99 0.388 2.48

0.00121 2.470 36.22 6.02 0.393 2.59

Wing with nacelles, 30 percent span reduction

0.86 272.6 9.9 431.4

0.92 263.2 9.4 460.7
1.00 240.4 8.8 497.8

1.04 240.7 8.7 518.6

1.116 240.8 8.6 552.1

1.13 237 8.5 558.4

0.00293 2.551 14.81 3.85 0.489
0.00248 2.551 17.49 4.18 0.481

0.00194 2.551 22.36 4.73 0.459

0.00179 2.551 24.23 4.92 0.460
0.00158 2.551 27.46 5.24 0.460

0.00152 2.551 28.54 5.34 0.456

1.599 14.2 0.61

1.599 14.2 0.57

1.599 14.2 0.56

1.599 14.2 0.56

1.599 14.2 0.57

4.86 x 106 1.563 14.3 0.69

4.40 1.563 14.3 0.66
3.73 1.563 14.3 0.62

3.60 1.563 14.3 0.61

3.39 1.563 14.3 0.60

3.31 1.563 14.3 0.59
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Table II. Continued

(c) Wing with fin configurations

q, ::, y:, p, b, too, :2,
M psf Hz fps slugs/ft 3 ft # v/-fi VI Re slugs Hz f:/f2

Wing with vertical fin original span

0.723 190.6 10.88 361.9 0.00291 2.352 11.16 3.34 0.489 4.03 × 106 1.202 15.0 0.73
0.851 182.4 10.27 423.9 0.00203 2.352 16.00 4.00 0.478 3.32 1.202 15.0 0.68
0.849 181.2 10.23 422.5 0.00203 2.352 16.00 4.00 0.477 3.31 1.202 15.0 0.68
0.972 165.8 9.44 479.9 0.00144 2.352 22.55 4.75 0.456 2.69 1.202 15.0 0.63
1.012 154.5 9.11 497.2 0.00125 2.352 25.98 5.10 0.440 2.44 1.202 15.0 0.61
1.020 155.4 9.07 500.6 0.00124 2.352 26.19 5.12 0.441 2.44 1.202 15.0 0.60

Wing with 45 ° canted fin, original span

0.714 198.9 11.00 358.8 0.00309 2.352 10.51 3.24 0.499 4.23 × 10 6 1.202 15.0 0.73
0.808 191.7 10.63 403.9 0.00235 2.352 13.82 3.72 0.490 3.64 1.202 15.0 0.71
0.877 191.1 10.40 436.1 0.00201 2.352 16.16 4.02 0.489 3.38 1.202 15.0 0.69
0.941 172.3 9.44 467.0 0.00158 2.352 20.56 4.53 0.465 7.86 1.202 15.0 0.63
0.983 165.2 9.23 487.5 0.00139 2.352 23.37 4.83 0.455 2.62 1.202 15.0 0.62
1.000 159.3 9.05 493.2 0.00131 2.352 24.79 4.98 0.447 2.51 1.202 15.0 0.60
1.012 158.1 9.02 501.0 0.00126 2.352 25.78 5.08 0.445 2.45 1.202 15.0 0.60

Wing with vertical fin, 20 percent span reduction

0.815 215.0 11.90 404.3 0.00263 2.470 11.88 3.45 0.472 4.13 x 106 1.140 16.0 0.74
0.917 212.5 11.10 452.0 0.00208 2.470 15.02 3.88 0.470 3.68 1.140 16.0 0.69
0.951 209.0 11.00 467.8 0.00191 2.470 16.36 4.04 0.466 3.51 1.140 16.0 0.69
0.992 194.4 10.54 486.9 0.00164 2.470 19.05 4.36 0.449 3.14 1.140 16.0 0.66
1.007 188.8 10.54 493.6 0.00155 2.470 20.16 4.49 0.443 3.01 1.140 16.0 0.66

Wing with 45 ° canted fin, 20 percent span reduction

219.3 12.30 375.5 0.00311 2.470 10.05 3.17 0.480 4.50 X 10 6 1.140 15.9 0.770.754
0.871 206.1 11.50 432.9 0.00220 2.470 14.20 3.77 0.466 3.68
0.954 195.7 11.00 472.9 0.00175 2.470 17.85 4.22 0.454 3.22
1.001 189.2 10.70 494.1 0.00155 2.470 20.16 4.49 0.446 2.99
1.047 189.9 10.60 513.6 0.00144 2.470 21.70 4.66 0.447 2.90

Wing with vertical fin, 30 percent span reduction

1.140 15.9 0.72
1.140 15.9 0.69
1.140 15.9 0.67
1.140 15.9 0.67

4.49 x 10 6 1.103 16.2 0.79
4.19
3.40
3.27
3.07
3.06

0.704 209.3 12.75 354.6 0.00333 2.551 9.19 3.03 0.450
0.765 210.6 383.8 0.00286 2.551 10.70 3.27 0.452 1.103 16.2
0.893 199.0 11.75 447.2 0.00199 2.551 15.38 3.92 0.439 1.103 16.2 0.73
0.929 197.9 11.75 463.8 0.00184 2.551 16.64 4.08 0.438 1.103 16.2 0.73
0.996 197.0 11.63 494.7 0.00161 2.551 19.01 4.36 0.437 1.103 16.2 0.72
1.110 214.9 11.63 546.3 0.00144 2.551 21.26 4.61 0.456 1.103 16.2 0.72

Wing with 45 ° canted fin, 30 percent span reduction

0.764 202.9 12.76 379.3 0.00282 2.551 10.86 3.30 0.435 4.14 × 106 1.103 16.5 0.77
0.835 202.9 12.61 412.9 0.00238 2.551 I2.86 3.59 0.435 3.82 1.103 16.5 0.76
0.916 194.5 12.14 451.3 0.00191 2.551 16.03 4.00 0.426 3.37 1.103 16.5 0.74
0.945 204.0 12.28 464.6 0.00189 2.551 16.20 4.02 0.436 3.44 1.103 16.5 0.74
0.990 201.7 12.06 487.1 0.00170 2.551 18.01 4.24 0.434 3.24 1.103 16.5 0.73
0.995 201.3 12.08 488.1 0.00169 2.551 18.11 4.26 0.434 3.25 1.103 16.5 0.73
1.053 215.9 12.18 517.9 0.00161 2.551 19.01 4.36 0.449 3.27 1.103 16.5 0.74
1.143 228.1 12.28 557.1 0.00147 2.551 20.83 4.56 0.462 3.25 1.103 16.5 0.74
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TableII. Continued

(d) Wingwith nacellesandfin configurations

M

q, zl, vz,
psf Hz fps

0.669 190.6 9.93 335.3
0.762 185.1 9.39 381.0
0.886 169.8 8.65 440.5
0.957 141.3 7.80 473.6
0.985 114.9 7.00 486.7

p, b, mo, f2,

slugs/ff 3 ft P V'# VI Re slugs nz ff/f2

Wing with nacelles and vertical fin, original span

0.00339 2.352 13.48 3.67 0.441 4.35 x 106 1.691 14.0 0.71
0.00255 2.352 17.92 4.23 0.435 3.73 1.691 14.0 0.67
0.00175 2.352 26.11 5.11 0.417 2.98 1.691 14.0 0.62
0.00126 2.352 36.26 6.02 0.380 2.32 1.691 14.0 0.56
0.00097 2.352 47.10 6.86 0.343 1.84 1.691 14.0 0.50

0.760 186.4 9.31 380.1
0.909 165.9 8.25 451.2
0.964 138.1 475.8
0.975 122.5 7.16 480.8
1.032 122.5 7.16 507.8

Wing with nacelles and 45 ° canted fin, original span

0.00258
0.00163
0.00122
0.00106
0.00095

2.352 17.71 4.21 0.440 3.76 x 10 6 1.691 13.9 0.67
2.352 28.03 5.29 0.415 2.84 1.691 13.9 0.59
2.352 37.45 6.12 0.379 2.26 1.691 13.9
2.352 43.10 6.57 0.356 1.98 1.691 13.9 0.52
2.352 48.10 6.94 0.356 1.89 1.691 13.9 0.52

Wing with nacdles and verticM fin, 10 percent span reduction

0.748 203.8 9.70 374.9 0.00290 2.404
0.893 186.8 8.60 444.6 0.00189 2.404 23.93 4.89 0.427 3.24
0.956 155.1 7.80 474.1 0.00138 2.404 32.76 5.72 0.389 2.54
0.976 125.4 7.10 481.9 0.00108 2.404 41.86 6.47 0.350 2.02

0.989 122.5 7.09 487.7 I 0.00103 2.404 43.89 6.62 0.346 1.96
1.003 124.3 7.11 493.7 I 0.00102 2.404 44.32 6.66 0.348 1.96

1.029 133.5 7.21 506.7 ] 0.00104 2.404 43.47 6.59 0.36I 2.06

Wing with nacelles and 45° canted fin, 10 percent span reduction

0.838 194.9 9.00 417.2
0.957 152.7 7.80 473.9
0.984 118.9 7.00 485.2
0.997 121.1 7.00 492.1
1.049 128.0 7.10 513.7

Wing with nacelles and vertical fin 20 percent span reduction

15.59 3.95 0.446 4.16 x 106 1.664 14.1 0.69
1.664 14.1 0.61
1.664 14.1 0.55
1.664 14.1 0.50
1.664 14.1 0.50
1.664 14.1 0.50
1.664 I4.1 0.51

0.00224 2.404 20.18 4.49 0.436 3.60 x 106 1.664 14.1 0.64
0.00136 2.404 33.24 5.77 0.386 2.51 1.664 14.1 0.55
0.00101 2.404 44.76 6.69 0.341 1.91 1.664 14.1 0.50
0.00100 2.404 45.21 6.72 0.344 1.92 1.664 14.1 0.50
0.00097 2.404 46.60 6.83 0.353 1.96 1.664 14.1 0.50

0.850 236.1 9.25 424.5 0.00262 2.470
0.948 207.5 8.48 471.1 0,00187 2.470
0.978 181.9 7.93 486.0 0.00154 2.470
1.027 157.5 7.54 508.1 0.00122 2.470
1.047 155.2 7.47 517.3 0.00116 2.470
1.047 155.0 7.48 517.0 0.00116 2.470
1.052 161.7 7.52 521.3 0.00119 2.470

17.03 4.13 0.467 4.26 x 106 1.628 14.2
23.86 4.88 0.438 3.40
28.97 5.38 0.410 2.89
36.57 6.05 0.381 2.41
38.46 6.20 0.378 2.34
38.46 6.20 0.378 2.33
37.49 6.12 0.386 2.41

0.65
1.628 14.2 0.60
1.628 14.2 0.56
1,628 14.2 0.53
1.628 14.2 0.53
1.628 14.2 0.53
1.628 14.2 0.53
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Table II. Concluded

(d) Concluded

M

q, fl, vI, p, b, -_o, h,
psf Hz fps slugs/ft 3 ft # v/-fi V I Re slugs Hz

Wing with nacelles and 45 ° canted fin, 20 perccnt span reduction

3.61 0.462 4.80 x 106 1.628 14.10.728 227.7 10.00 364.4 0.00343 2.470 13.01 71
0.810 227.8 9.86 402.7 0.00281 2.470 15.88 3.98 0.462 4.37 1.628 14.1 70
0.921 209.2 8.86 455.1 0.00202 2.470 22.09 4.70 0.443 3.58 1.628 14.1 63

0.978 171.4 8.00 481.3 0.00148 2.470 30.15 5.49 0.401 2.79 1.628 14.1 57

0.986 159.6 7.75 484.5 0.00136 2.470 132.81 5.73 0.387 2.59 1.628 14.1 55
1.024 153.9 7.62 500.2 0.00123 2.470 36.27 6.02 0.380 2.43 1.628 14.1 54

1.025 154.5 7.70 505.3 0.00121 2.470 36.87 6.07 0.380 2.39 1.628 14.1 55

1.049 150.3 7.62 511.3 0.00115 2.470 38.80 6.23 0.375 2.33 1.628 14.1 54

1.055 159.1 7.70 519.3 0.00118 2.470 I 37.81 t 6.15 0.386 2.40 1.628 14.1 55_

Wing with nacelles and vertical fin, 30 percent span reduction

0.813 277.5 9.70 408.2 0.00333 2.551 13.27 3.64 0.492 5.18 x 106 1.592 14.2

0.922 263.0 9.00 460.5 0.00248 2.551 17.82 4.22 0.479 4.38 1.592 14.2

0.978 228.7 8.40 486.8 0.00193 2.551 22.89 4.78 0.447 3.62 1.592 14.2

1.024 223.1 8.20 507.9 0.00173 2.551 25.54 5.05 0.442 3.39 1.592 14.2

1.048 210.5 8.00 519.5 0.00156 2.551 28.32 5.32 0.429 3.14 1.592 14.2
1.130 212.1 8.00 558.5 0.00136 2.551 32.49 5.70 0.430 2.95 1.592 14.2

Wing with nacelles and 45 ° canted fin, 30 percent span reduction

0.802 232.2 10.26 403.7 0.00285 12.551 15.50 13.94 0.450 4.37×106 1.592 14.2 I 0.7_--J
000 1  os4 0 40 1

1.024 188.5 8.41 509.9 0.00145 2.551 30.47 5.52 0.406 2.85 1.592 14.2 [ 0.59 [

1.049 177.7 8.22 520.9 0.00131 2.551 33.73 5.81 0.394 2.64 1.592 14.2 / 0.58 [
1.097 173.8 8.10 538.2 0.00120 2.551 36.82 6.07 0.390 2.54 1.592 14.2 [_
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Table III. Analytical Flutter Results

(a) Wing only configurations

M

0.6
0.7
0.8
0.9
0.95

0.6
0.7
0.8
0.9

0.95 ....

0.6
0.7
0.8
0.9

0.95

0.6
0.7

0.8
0.9
0.95

q,

psf

164
170
173
167
159

162
170
175
172
161

169
177
187
191
193

204
204
215
227
237

ff'

Hz
f'

fps
P,

slugs/ft 3

12.5 303.0 0.00357 2.352
12.1 353.5 0.00272 2.352
11.6 404.0 0.00212 2.352
10.9 454.5 0.00161 2.352
10.4 479.8 0.00139 2.352

Wing only,

13.1 303.0 0.00352 2.404
12.7 353.5 0.00272 2.404
12.2 404.0 0.00215 2.404
11.4 454.5 0.00166 2.404
10.9 479.8 0.00140 2.404

Wing only,

13.7 303.0 0.00368 2.470
13.4 353.5 0.00283 2.470
12.9 404.0 0.00230 2.470
12.3 454.5 0.00185 2.470
12.0 479.8 0.00168 2.470

Wing onl_

14.0 303.0 0.00444 2.551
13.8 353.5 0.00325 2.551
13.4 404.0 0.00264 2.551
12.9 454.5 0.00220 2.551
12.6 479.8 0.00206 2.551

b, mo, f2,

h # _ VI Re slugs Hz

Wing only, original span

8.88 2.98 0.453 4.06 x 106 1.173 15.2
11.65 3.41 0.461 3.61 1.173 15.2
14.95 3.87 0.465 3.22 1.173 15.2
19.69 4.44 0.456 2.75 1.173 15.2
22.8 4.77 0.447 2.51 1.173 15.2

10 percent span reduction

8.84 2.97 0.431 4.01 x 106
11.45 3.38 0.442 3.61
14.48 3.81 0.449 3.26
18.75 4.33 0.444 2.83
22.24 4.72 0.430 2.52

Ii/I2

0.82
0.80
0.76
0.72
0.68

1.146 15.65 0.84
1.146 15.65 0.81
1.146 15.65 0.78
1.146 15.65 0.73
1.146 15.65 0.70

20 percent span reduction

8.27 2.88 0.422 4.20 x 10 6 1.111 16.1
10.76 3.28 0.431 3.76 1.111 16.1
13.24 3.64 0.444 3.49 1.111 16.1
16.46 4.06 0.448 3.16 1.111 16.1
18.12 4.26 0.451 3.03 1.111 16.1

30 percent span reduction

6.71 2.59 0.441 5.05 x 10 6 1.074 16.55
9.17 3.03 0.440 4.32 1.074 16.55

11.29 3.36 0.453 4.01 1.074 16.55
13.55 3.68 0.465 3.76 1.074 16.55
14.47 3.80 0.475 3.71 1.074 16.55

0.85
0.83
0.80
0.76
O.75

0.85
0.83
0.81
0.78
0.76
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Table III. Concluded

(b) Wing with nacelles configurations

q, f f, Vf,

M psf Hz fps

0.6 157 10.8 303.0
0.7 161 10.3 353.5

0.8 157 9.6 404.0

0.9 140 8.7 454.5

0.95 120 7.9 479.8

0.6 167 10.9 303.0
0.7 174 10.4 353.5

0.8 173 9.7 404.0

0.9 159 8.8 454.5

0.95 139 8.2 479.8

0.6 187 11.3 303.0
0.7 199 10.9 353.5

0.8 204 10.3 404.0

0.9 198 9.6 454.5
0.95 183 9.1 479.8

0.6 209 11.7 303.0
0.7 232 11.3 353.5

0.8 247 10.9 404.0

0. 9 257 10.2 454.5
0.95 257 9.8 479.8

p, b,

slugs/ff 3 ff p

Wing with nacelles,

0.00343 2.352 13.09
0.00257 2.352 17.47

0.00193 2.352 23.27

0.00135 2.352 33.26

0.00104 2.352 43.18

Wing with nacelles, 10 percent

0.00364 2.404 12.20 3.49
0.00279 2.404 15.92 3.99

0.00212 2.404 20.95 4.58

0.00154 2.404 28.84 5.37

0.00120 2.404 37.01 6.08

Wing with nacelles, 20 percent

0.00408 2.470 10.74 3.28
0.00319 2.470 13.74 3.71

0.00250 2.470 17.56 4.19
0.00191 2.470 22.94 4.79

0.00159 2.470 27.56 5.25

Wing with hackles, 30 percent

0.00455 2.551 9.53 3.09
0.00371 2.551 11.69 3.42

0.00303 2,551 14.32 3.78

0.00249 2.551 17.42 4.17

0.00224 2.551 19.37 4.40

vrfi

original span

3.62 0.402 3.90
4.18 0.406 3.41

4.82 0.402 2.93

5.77 0.378 2.30

6.57 0.350 1.87

span reduction

0.407 4.14
0.416 3.70

0.414 2.93

0.397 2.63

0.370 2.16

span reduction

0.420 4.64
0.433 4.24

0.437 3.79

0.431 3.26
0.415 2.87

span reduction

0.428 5.18
0.451 4.93

0.466 4.60

0.475 4.25

0.476 4.04

Re

× 106

x 106

x 106

x 10 6

too,

slugs

1.662

1.662

1.662

1.662
1.662

1.635
1.635

1.635

1.635

1.635

1.599
1.599

1.599

1.599
1.599

1.563
1.563

1.563

1.563
1.563

Hz

14.1

14.1

14.1

14.1
14.1

14.1
14.1

14.1

14.1

14.1

14.2
14.2

14.2
14.2

14.2

14.3
14.3

14.3

14.3

14.3

hlf2

0.77

0.73

0.68

0.62
0.56

0.77
0.74

0.69

0.62

0.58

0.80
0.77

0.73
0.68

0.64

0.82
0.79

0.76

0.71
0.69
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Langley Transonic Dynamics Tunnel operating envelope for R-12.
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(1)
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Figure 3. Arrow-wing planform geometry. Linear dimensions are in inches.
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Figure 4. Arrow wing (without nacelles or fin).
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Figure 5. Wing-plate cutout pattern. Dimensions (typical) are in inches.

Figure 6. Aluminum wing-plate structure.
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Figure 16. Wind-tunnel operating procedure.
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Figure 17. Experimental flutter results for wing only configuration.
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Figure 17. Concluded.
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Figure 18. Experimental and analytical flutter dynamic pressure results for wing only configuration.
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Figure 19. Experimental flutter results for wing with nacelles configuration.
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Figure 19. Concluded.
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Figure 20. Experimental and analytical flutter dynamic pressure results for wing with nacelles configuration.
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Figure 21. Experimental flutter results for wing only and wing with nacelles configurations (original span and

30 percent span reduction).
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Figure 22. Experimental flutter results for wing with vertical fin configuration.
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Figure 23. Experimental flutter results for wing with 45 ° canted fin configuration.
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Figure 24. Experimental flutter results for wing only and wing with fin (vertical and 45 ° canted) configurations

(original span and 30 percent span reduction).
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Figure 25. Experimental flutter results for wing with nacelles and vertical fin configuration.

5O



.6

.5

.4

V I .3

.2

Unstable

i||l|,,nlll,,,l|l,.l|n|'l'n|ll.'''iJ

300

q, psf

250

2OO

150

100

50

--0 m

-E]-

-0-

Span Stable
reduction

0%

10%

2(7/°

30%

.5 .6 .7 .8 .9 1.0 1.1 1.2

M

Figure 26. Experimental flutter results for wing with nacelles and 45 ° canted fin configuration.
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Figure 27. Experimental flutter results for wing with nacelles and wing with nacelles and fin (vertical and 45 °

canted) configurations (original and 30 percent span reductions).
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